We have constructed a genome-saturating mutant library of the human gastric pathogen Helicobacter pylori. Microarray tracking of transposon mutants (MATT) allowed us to map the position of 5,363 transposon mutants in our library. While we generally found insertions well distributed throughout the genome, 344 genes had no detectable transposon insertions, and this list is predicted to be highly enriched for essential genes. Comparison to the essential gene set of other bacteria revealed a surprisingly limited overlap with all organisms tested (11%), while 55% were essential in some organisms but not others. We independently verified the essentiality of several gene products, including an HtrA family serine protease, a hypothetical protein with putative phospholipase D activity, and a riboflavin specific deaminase. A limited screen for motility mutants allowed us to estimate that 4.5% of the genome is dedicated to this virulence-associated phenotype.
Helicobacter pylori infects the gastric mucosa of 50% or more of the world population. Infection rates correlate with socioeconomic status and hygiene levels; thus, developing countries and developing populations within developed countries bear the highest burden of infection, as high as 90%. The consequence of this infection ranges from undetected gastritis to ulcer disease (duodenal and gastric) and gastric cancer (gastric adenocarcinoma and mucosal-associated lymphoid tissue lymphoma). The biological mechanisms leading to this diverse disease spectrum remain unknown, but bacterial, host, and environmental components are postulated to be contributing factors. Infection is generally acquired in childhood via personto-person transmission and persists for life without specific antimicrobial intervention (15) .
H. pylori was among the first microorganisms for which a full genome sequence was available (47) and was the first organism for which a second isolate was sequenced (3) . This information was used along with comparative genomics to predict a small group of essential genes (73 out of 1,590) in the hopes of identifying novel targets for drug design (11); 33 out of 42 appeared essential by the inability to obtain gene disruption mutants. Another study sought to identify nonessential genes of H. pylori by determining whether insertion mutants of genomic DNA carried on a plasmid in Escherichia coli could be transduced into the H. pylori genome. A study of 204 such clones found that only 43 could be recovered in H. pylori, suggesting that 79% of genes could be essential (28) . Both studies relied on a negative result from a transformation experiment to determine essentiality without controlling for differences in transformation efficiencies due to genetic locus or differing amounts of flanking homology. This technical issue prevents extrapolation of these results to the whole genome.
A number of bacterial products have been implicated in disease or establishment of infection, but a comprehensive list of H. pylori virulence determinants does not exist (22, 34) . The study of many bacterial pathogens has been facilitated by genetic screens to identify genes involved in virulence-associated phenotypes, such as the ability to adhere to or invade host cells or persist in animal models of infection (18) . Unfortunately, H. pylori does not support the replication of common plasmid or transposon vectors, making such studies difficult. Shuttle mutagenesis of H. pylori genomic libraries in E. coli generated libraries of 135 and 912 mutant clones (25, 30, 37, 38) , a plasmid integration strategy yielded 1,251 H. pylori mutant clones (8, 9) , and, most recently, a library of 639 mutants was made by random insertional mutagenesis of genomic DNA by ligation of an antibiotic resistance cassette (16a) . These libraries were screened for clones with defects in adherence, urease activity, motility, competence, growth at low pH, and colonization of a gerbil model of infection. In many of these screens, clones with identical insertion sites were isolated, indicating relatively low library complexity. Thus, only a fraction of the genome has been screened for each of these phenotypes. While H. pylori has a relatively small genome, 1.7 Mb and some 1,500 genes, saturating genetic screens require the generation of larger, nonredundant, stable mutant libraries.
Here we describe the construction of a large library of transposon mutants throughout the H. pylori genome. A wholegenome microarray-based method for mapping the location of transposon insertions has allowed us to demonstrate full genome coverage of our transposon library and to generate a list of open reading frames enriched for essential genes. Independent confirmation of a subset of these genes highlights the emerging principle that the essential gene complement differs among bacterial species. Defining the full complement of essential and nonessential genes of H. pylori provides unique opportunities for understanding the function of genes with no known homology and, genes required for infection and for identifying novel antimicrobial targets.
MATERIALS AND METHODS
Bacterial culture and manipulations. H. pylori strain G27, which contains the cag pathogenicity island, was used for these studies (14) . H. pylori was grown on solid media on horse blood agar (HB) plates, containing 4% Columbia agar base (Oxoid), 5% defibrinated horse blood (HemoStat Labs), 0.2% ␤-cyclodextrin (Sigma), 10 g of vancomycin (Sigma) per ml, 5 g of cefsulodin (Sigma) per ml, 2.5 U of polymyxin B (Sigma) per ml, 5 g of trimethoprim (Sigma) per ml, and 8 g of amphotericin B (Sigma) per ml, under microaerobic conditions at 37°C. A microaerobic atmosphere was generated either by using a CampyGen sachet (Oxoid) in a gas pack jar or by incubating the culture in an incubator equilibrated with 10% CO 2 and 90% air. For liquid culture, H. pylori was grown in Brucella broth (Difco) containing 10% fetal bovine serum (BB10; Gibco/BRL) with shaking in a microaerobic atmosphere. For antibiotic resistance marker selection, bacterial media were additionally supplemented with 25 g of chloramphenicol (Cm) per ml or 36 g of metronidazole (Mtz) per ml. E. coli growth and manipulations were performed as specified by standard laboratory protocols (4) .
Construction of H. pylori transposon library. We modified a commercially available Tn7-based in vitro mutagenesis system (GPS-M; New England Biolabs [NEB]) so it could be used in H. pylori. The pGPS-3 plasmid from NEB was modified by removing the Tn5 neomycin phosphotransferase gene, which is not effective in H. pylori, by BamHI digestion and replacing it with the Campylobacter coli chloramphenicol acetyltransferase gene (Cat), which was PCR amplified from pUOA20 (49) with BamHI linkers by using primers CatBam1 and CatBam2 (Table 1) , generating pGPS-cat. The pGPS-cat vector and purified transposase enzyme from NEB were used according to the manufacturer's instructions to mutagenize H. pylori chromosomal DNA, which was purified by CsCl gradient centrifugation (5). This mutagenized DNA was transformed into H. pylori by natural transformation (48) , and Cm-resistant clones were selected on solid media. Approximately 10,000 single colonies were directly harvested from the plates and were stored at Ϫ80°C to generate the H. pylori GPS mutant library.
Screen for motility mutants and detection of flagella. The H. pylori GPS mutant library was plated from frozen stock to obtain single colonies. Individual clones and the wild-type parent strain were inoculated into plates containing 28 g of Brucella broth/liter, 5% fetal bovine serum, and 0.4% agar. After 4 days, clones that failed to form a 1-cm-diameter halo were picked and retested.
Microarray tracking of transposon site insertion mutants (MATT). Semirandom PCR was used to amplify DNA-flanking transposon insertions based on a previously established method (12, 33) and is outlined in Fig. 1 . Amino-allyl dUTP was incorporated in the second PCR to allow coupling with fluorescent dye for microarray hybridization. Specifically, 100 ng of genomic DNA from a single mutant clone or a pool of mutant clones was PCR amplified in a 20-l reaction mixture containing 2 M transposon-specific primer (N or S), 2 M anchored random primer (CEKG2C or CEKG2A), 0.2 mM deoxynucleoside triphosphates, and 1 U of Taq polymerase with the following cycling conditions: 1 cycle at 94°C for 2 min; 6 cycles at 94°C for 30 s, 42°C for 30 s (Ϫ1°C each cycle), and 72°C for 3 min; and 25 cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 3 min. The reaction products were diluted fivefold, and 1 l was used as template for a subsequent labeling reaction using a nested transposon specific primer (N2 or S2) and 0.4 mM primer CEKG4; 0.12 mM dATP, dCTP, and dGTP; 0.048 mM dTTP; 0.072 mM amino-allyl-dUTP; and 1 U of Taq polymerase in a 100-l reaction volume with the following cycling conditions: 1 cycle at 94°C for 30 s and then 30 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 2 min. The resulting material was coupled to monofunctional Cy3 or Cy5 dye and hybridized to the H. pylori microarray as described previously (27, 41) . Microarrays were analyzed with an Axon scanner with GENEPIX 3.0 software (Axon Instruments, Redwood City, Calif.), and data were further processed with GENEPIX 3.0 software. Microarrays were normalized by the mean of the channel intensity distributions by using the Stanford Microarray Database (SMD) (44) . The mean background subtracted signal for channel was collected with SMD. For subsequent analysis, the brightest 1,000 spots from each array were considered as measured by the sum of the mean background-subtracted signal in each channel. For each transposon pool, amplification from the left side of the transposon using primers S and S2 was labeled with Cy3 (green [G] ) and amplification from the right side of the transposon using primers N and N2 was labeled with Cy5 (red [R]). To identify chromosomal loci containing transposon insertions in each pool, we analyzed the data as follows to assign each gene a probability of containing an insertion (P[insertion]). We first averaged the logarithm base 2 of the red/green (log 2 R/G) signal for duplicate spots for each gene. These values were arranged in chromosomal order. Genes containing a transposon insertion would generate signal in both channels, producing a yellow spot defined as Ϫ1 Ͻ log 2 R/G Ͻ 1 and having a P[insertion] value of 1. To account for cases where the transposon was at the very end of a gene, we identified adjacent gene spots containing strong signal in opposite channels defined by the following formulae: gene i log 2 R/G Ͼ 1 and gene i ϩ 1 log 2 R/G Ͻ Ϫ1 or gene i log 2 R/G Ͻ Ϫ1 and gene i ϩ 1 log 2 R/G Ͼ 1, where i equals gene order number. In such cases each gene was given a P[insertion] value of 0.5. To calculate the number of insertions per gene, the number of insertions was summed across all 20 pools and was rounded down to the nearest integer.
Fine mapping of transposon site insertions. Sequencing of the precise site of transposon insertion was performed by direct sequencing of agarose gel-purified PCR products obtained by one of two methods. The motility mutants were analyzed by inverse PCR of HindIII-digested genomic DNA of each clone as described previously (40) . The insertions in the fic, por, and oor genes were identified by using a PCR containing a gene-specific primer (Table 1) and primer N or S.
Construction of strains containing two copies of candidate essential genes. A second copy of the gene of interest was integrated at the rdxA locus as previously described (45) . Briefly, the entire gene plus 100 to 300 bp of upstream and downstream sequence was amplified with PCR primers, to which restriction site sequences were appended (XbaI, upstream primer, and SalI, downstream primer). This PCR product was digested, purified, and ligated into pRdxA digested with XbaI and SalI. The resulting recombinant clone was plasmid purified, and 2 g of the product was used to transform wild-type bacteria by natural transformation and selection on Mtz-containing HB plates.
Construction of gene knockout cassettes.
Gene disruption cassettes were constructed according to the method of Chalker et al. (11) . Briefly, N-terminal and C-terminal fragments of each gene were amplified by using the upstream and downstream primers designed for the integration of a second copy of the gene combined with gene-internal primers such that both fragments were 250 to 400 bp in length ( Table 1 ). The gene-internal primers had sequences complementary to the full length of primers C1 and C2, which are used to amplify the C. coli Cat gene, appended to the 5Ј end. PCR products from each of three individual PCRs (N terminus, C terminus, and Cat gene) were gel purified. A final PCR was performed with 100 ng of each of the three PCR products as template, and the upstream and downstream primers were used to generate the knockout cassette. This final PCR product was verified by agarose gel electrophoresis, and 10 l of product was directly used for natural transformation (48) of either wild-type bacteria or a strain containing a second copy of the gene and transformants selected on Cm-containing HB plates.
RESULTS
Construction of H. pylori transposon library. In order to mutagenize the H. pylori chromosome, we took advantage of a recently developed in vitro mutagenesis system based on the Tn7 transposon (7). This system is particularly attractive because it utilizes a TnsC A225V mutant enzyme complex. This protein can activate TnsAB in the absence of the target site specificity factor TnsD to promote transposition into doublestranded DNA in vitro with a target site selectivity that is not significantly different from random (7). We modified the commercially available GPS-M mutagenesis system (NEB) so it could be used in H. pylori by replacing the Tn5 neomycin phosphotransferase gene in the mini Tn7 transposon with the C. coli Cat gene to create pGPS-Cat. This new vector allowed in vitro transposon mutagenesis of H. pylori chromosomal DNA as described in Materials and Methods. The mutagenized DNA was transformed into H. pylori by natural transformation, and chloramphenicol-resistant clones were selected, generating a library of approximately 10,000 clones containing transposon insertions. We determined that individual clones contained single random insertions by Southern blotting of 24 clones (data not shown).
Phenotypic characterization of the transposon library. To assess the genomic coverage and functional utility of our library, we screened 200 clones for motility mutants on soft agar. Nine clones had motility defects ( Table 2) . We cloned the flanking DNA by inverse PCR (40) to determine the site of insertion. We isolated two distinct clones with insertions upstream of the H. pylori homologue of flaG and one insertion within fliA, both of which are genes involved in flagellar regu- (46) . The remaining three genes do not have informative homologies. In our very limited screen we find 4.5% of our insertions affect motility, while 3.0% of the sequenced open reading frames present in strain G27 are predicted to function in motility.
Mapping of transposon library insertion sites. We devised a method (MATT) using a whole-genome H. pylori microarray to monitor the presence of transposon library clones in a pool. The MATT method depends on amplification of the DNA flanking the transposon insertion site by using a combination of specific and nonspecific primers (12, 33) . The specific primers hybridize to sequences within the transposon, and the nonspecific primers contain 10 degenerate nucleotides followed by a unique anchor of 4 or 5 nucleotides. We used two different nonspecific primers with different anchor sequences. Primer CEKG2A ended in AGAG and anneals, on average, every 260 bp in the chromosome, based on the published 26695 genome sequence (47) . Primer CEKG2C ends in GATAT and anneals, on average, every 1,100 bp in the chromosome. The amplified DNA was coupled to a fluorescent dye and was hybridized to a whole-genome DNA microarray revealing the genomic position of the transposon insertion of individual clones. The amplification method is outlined in Fig. 1 .
To test the reproducibility of this method and to further characterize our transposon library, we used MATT to map the insertion site of 20 pools of 300 transposon insertion clones. We performed separate labeling reactions for each side of the transposon and coupled the reaction primed from the right arm of the transposon to Cy5 dye (red) and the reaction primed from the left arm of the transposon to Cy3 dye (green). The two reactions were then combined and hybridized to the microarray. If the transposon landed within the middle of a gene, it should generate signal in the labeling reactions from both sides of the transposon, resulting in a yellow gene spot. If the transposon landed near the 5Ј or 3Ј end of a gene or in between two genes, one would expect spots from the two chromosomally adjacent genes to give a strong hybridization signal in opposite channels (adjacent red and green spots). We performed and hybridized separate labeling reactions by using the two nonspecific degenerate primers (CEKG2A and CEKG2C). Some genes were detected with both degenerate primers, while many were detected only with one primer (Table 3). We mapped loci in 20 pools, expecting 300 distinct insertions per pool, and detected an average of 268 (standard deviation, Ϯ42) insertions per pool. To calculate the number of insertions for each gene, we summed the probabilities for insertions for each gene across all the pools. We were able to map 5,363 insertion sites of the expected 6,000 (89%). Each gene had between 0 and 19 transposon hits (supplemental Table S1 ). The raw hybridization data for each array are available at http://genome-www5.stanford.edu.
In an attempt to address the sensitivity and specificity of the MATT method for mapping transposon insertions, we performed the analysis described above on a pool of nine clones for which the transposon insertion site had been already mapped by sequencing of the transposon junction. These were Mot2, -4, -7, -10, -13, -15, and -18, an insertion within porB (see below), and an insertion in HP0954. Of 1,660 genes with spots on our microarrays, the genes corresponding to all nine clones gave a positive signal for insertion as well as 29 false positives. This experiment yielded a sensitivity of 100% (9 out of 9) and a specificity of 98% (29 out of 1,651).
We found transposon insertions distributed throughout the genome. Twenty genes (1.3%) were predicted to have insertions in 15 or more of the 20 pools and may represent hot spots for insertions or primer-specific artifacts as described above. There was a very weak correlation between gene size and the number of transposon insertions detected (Fig. 2) . To investigate the role of polarity in the transposon insertions, we compared the frequency of insertions in the first gene of multigene operons to that of single-gene operons. If insertions in the first gene of the operon had polar effects on essential genes downstream, we might expect a higher percentage of genes with zero hits in the first gene of multigene operons. In fact, we observed a higher frequency of genes with zero hits in single-gene operons (73 out of 456; 16%) than in the first genes of multigene operons (63 out of 777; 8%), indicating that polar effects may not play a large role in recovery of insertion mutants with this transposon.
Enrichment for essential genes. We were particularly interested in genes that had no measurable transposon insertions. In principal, this gene class represented genes that cannot be disrupted because they are essential for growth in vitro. Strain G27 contains 1,552 of the 1,660 genes represented on the a Gene insertions were detected based on microarray hybridization signal as described in Materials and Methods and were summed for each pool.
b Genes with insertions detected in each of the two separate degenerate primer-labeling reactions.
c Total insertions detected by the two separate degenerate primer-labeling reactions.
H. pylori microarray, as assessed by genomic DNA hybridization (41) . Of these genes, 344 (23%) had zero transposon hits and, by their annotation, included many that are essential for growth in vitro in other bacteria. We would expect only 89 genes (6%) to have escaped transposon insertion if the distribution of transposon hits followed a Poisson distribution. Thus, we had nearly four times more genes with no transposon insertions than would be expected by chance.
We divided the genes into functional classes and determined the percentage of genes in each class for which we could not observe transposon insertions and, thus, are putative essential genes (Fig. 3 ). Certain functional classes had a high percentage of essential genes (Ͼ25%) and included cell division (38.5%), protein synthesis (37.6%), DNA-RNA synthesis and metabolism (30.2%), chaperones (28.6%), and cell envelope biosynthesis (25.5%), consistent with their involvement in essential processes. Conversely, two categories that contained a large number of genes, outer membrane proteins (60) and restriction modification genes (36), had a very low percentage of essential genes (3.3 and 2.9%, respectively). The H. pylori genome contains a very large family of outer membrane proteins, some of which undergo phase variation in expression (2) . While these proteins are thought to be important in the host as adhesins or to counter antigenic stimulation, individually they might not be expected to be required for growth in vitro. Similarly, restriction modification genes may be important for gene regulation and protection of this naturally competent organism from foreign DNA in the host environment where superinfecting strains and organisms would be present, but they would not necessarily be expected to alter fitness during monoculture in vitro. Interestingly, both the conserved hypothetical and unknown (H. pylori-specific) hypothetical classes contained a fairly high percentage of genes with zero insertions (23.0 and 24.0%, respectively), suggesting that there may be a significant number of essential gene products in these two categories.
Precise localization of insertion site predicted by MATT. Our analysis of genes that escaped transposon insertion indicates that while there may certainly be some that are not essential for in vitro growth, as many as 75% of the genes with zero insertions should be essential. Comparing our results with those in the published literature, however, we found that we observed insertions in several genes previously predicted to be essential in H. pylori. Of the 34 genes predicted to be essential by Chalker et al. (44%). We investigated three loci where we had conflicting data: fic, porGDAB, and oorDABC, all of which were predicted to be essential in the previous study. fic (HP1159) encodes a putative cyclic AMP-induced cell filamentation gene that is not essential in E. coli. We went back to the pools that were predicted to contain insertions in this gene and performed PCR with primers reading in from the 5Ј and 3Ј ends of the gene combined with primers reading out from either end of the transposon. We sequenced PCR products from three pools predicted to contain insertions in fic to determine the exact site of the transposon insertion. We found insertions at base pairs 83 and 336 of the coding sequence. The third insertion actually mapped to base pair 210 of the upstream open reading frame, consistent with the fact that the MATT PCR product was larger than the predicted size of the fic gene. porGDAB (HP1108 to HP1111) encodes subunits of a predicted pyruvate flavodoxin oxidoreductase. While we detected no insertions in the porG gene, we detected insertions in each of the other subunits. We sequenced an insertion at base pair 332 of the porB coding sequence. oorDABC (HP0588 to HP0591) encodes subunits of a putative 2-oxoglutarate oxidoreductase. We detected no insertions in oorABC but predicted several insertions in oorD. PCR analysis from the pools predicted to contain insertions in oorD with gene-specific primers revealed no PCR products that were the same size or smaller than the oorD coding sequence, indicating that the insertions we predicted to lie in this gene in fact lie in adjacent sequences and supporting the entire oor locus being essential. These results indicate that in a minority of cases we overestimated the existence of insertions within a given open reading frame, because our hybridization signal was generated from an insertion in an adjacent gene. In all cases, however, we were able to detect insertions closely linked to the locus, where we predicted an insertion by MATT. For these three loci, two previously predicted to be essential are not essential in our strain while one is essential, in spite of the fact that we predicted an insertion in one of the four genes in the operon. Confirmation of predicted essential genes. As stated above, 344 genes were predicted by MATT to have escaped transposon insertion, and we expect 74% of these genes to be essential. Named (annotated) genes accounted for 187 or 54% of our list of putative essential genes. While many of the genes in this list seemed to obviously encode essential functions, such as the cell division protein FtsZ or subunits of RNA polymerase, there were also apparent false positives, such as six flagellar biosynthesis genes, two pathogenicity island genes, and one urease subunit gene. Therefore, we directly tested the essentiality of four genes which either had no obvious annotation or were annotated to be genes whose essentiality was at best ambiguous compared to experimental data from other bacterial species. Additionally, we tested one gene where we detected a single transposon insertion, while the same gene was expected to be essential in H. pylori (Table 4) .
For example, gene HP0190 encodes a conserved hypothetical protein containing homology to phospholipase D enzymes which, by our analysis, might be essential in H. pylori. It is predicted to be the fourth gene in an operon encoding three subunits of fumarate reductase (Fig. 4A) . We detected transposon insertions in each of the fumarate reductase subunits, consistent with the experimental observation in E. coli that these genes are not essential. Similarly, two insertions were predicted for HP0189, which is predicted to encode a conserved hypothetical integral membrane protein and is tran- scribed in the opposite direction of HP0190. To test the essentiality of this gene, we attempted to directly mutate it by transformation with a deletion-insertion knockout cassette containing a chloramphenicol resistance marker. If HP0190 was essential, we would expect no transformation, that is, no chloramphenicol-resistant colonies. To rule out cloning or transformation difficulties, we created a strain with a second copy of HP0190 integrated at the rdxA locus by using pRdxA as described by Smeets et al. (45) and repeated the transformation in the strain with two copies. In this case, one would expect transformants (gene insertion) even if the gene were essential. Transformation of the cassette directed to knock out HP0190 into the wild-type strain yielded no chloramphenicol-resistant colonies, but transformation into the strain with two copies of the gene yielded transformants (Table 4 ). We performed PCR to demonstrate that the knockout cassette could integrate at either the wild-type or rdxA locus (Fig. 4B) . In this experiment, two of five transformants had the knockout cassette integrated in the gene copy at the native locus while three of five showed integration at the rdxA locus. For the clones where the native locus was knocked out, HP0190 could be sufficiently expressed at the rdxA locus to perform its essential function. HP0190 is predicted to be the fourth gene in an operon. While we included 150 bp of sequence upstream of the translation initiation codon in the integration construct, transcription likely is driven by the native promoter of the rdxA locus. We conclude that the lack of transformation in the strain with one copy of the gene was due to the fact that HP0190 is essential and not because of polar effects on another gene(s) or peculiarities of recombination at this locus. We analyzed the remaining four predicted open reading frames by using the same strategy. Two were confirmed to be essential. HP1019 is predicted to encode an htrA-type serine protease and had no observable transposon insertions by MATT. While in E. coli htrA (degP) is only required for growth at high temperature, we could only obtain HP1019 knockout transformants from the strain containing two copies of the gene. Interestingly, in this case the knockout cassette could only integrate into the gene copy at the rdxA locus, indicating that for this gene, insufficient gene expression could be driven from the rdxA locus to complement the essential function of the gene. We also confirmed that HP1505 is an essential gene. HP1505 encodes a riboflavin deaminase/ reductase (ribD) that has been characterized by cross-complementation of E. coli riboflavin biosynthesis mutants (17) . While this gene is not required for growth in E. coli when riboflavin is present, it was reported that riboflavin-deficient mutants of H. pylori could not be constructed even when additional riboflavin was used to supplement the medium (17) . We detected a single transposon insertion in this gene by MATT, but when we attempted to directly knock out this gene we were unable to recover transformants unless a second copy of the gene was present. In this case we detected integration of the knockout cassette at both the wild-type and rdxA locus. Looking back at the data from pool 4, the single pool for which we detected an insertion in gene HP1505, we also detected an insertion in the adjacent gene HP1506. Insertions in HP1506 were detected in several pools; thus, transposon insertion in this gene was the likely source of the false-positive signal we detected for gene HP1505.
Two of the five genes we tested were not essential, as evidenced by the fact that we could recover transformants of the gene knockout cassette in the wild-type strain (containing a single copy of the gene). These genes were HP0226, which encodes a putative conserved hypothetical integral membrane protein, and HP0707, which shows a high degree of similarity to a conserved family of S-adenosyl-methyltransferases (mraW). Interestingly, mraW homologues are found in both gram-positive and gram-negative bacteria (but not in Archaea), often in a cluster of genes involved in cell division, such as ftsZ (10) . While mraW is essential in E. coli (10, 20) and Mycobacterium tuberculosis (43) , it is not essential in Bacillus subtilis, as measured by targeted disruption (16) , or in Haemophilus influenzae, as measured by genomic footprinting (1) .
Of the five genes tested, three (60%) only gave transformants in a strain containing two copies of the gene, indicating they are essential, while two gave transformants, indicating they are not essential genes. We biased our experiment towards investigating genes with the highest likelihood of being false positives in our screen for essential genes. In spite of this, our results support our hypothesis that genes with no insertions are highly enriched for essential genes.
DISCUSSION
Phylogenetically, H. pylori groups with the ␦/ε-proteobacteria, which is the oldest subdivision of the proteobacteria (23) . The plasmid and transposon vectors useful in the ␣-, ␤-, and ␥-protoebacteria have not been effective in this organism, hampering its genetic analysis. Previous attempts at transposon mutagenesis employed shuttle mutagenesis strategies in E. coli (9, 30, 39) . Perhaps due to restriction barriers or instability of H. pylori DNA clones in E. coli, these libraries have tended to be of low complexity, with less than one genome's equivalent of mutant clones. We exploited H. pylori's natural competence for DNA uptake and its propensity for homologous recombination by double crossovers in combination with a high-efficiency, random in vitro mini Tn7-based transposon system (7) to generate a library of 10,000 insertional mutants. Characterization of this transposon library revealed that the transposon insertions are well distributed throughout the chromosome. As the H. pylori genome contains roughly 1,500 genes, this represents the first comprehensive mutant library described for this organism, with approximately sixfold genome coverage.
We developed a method to map the genomic locus of transposition insertion for pools of clones. This represents a variation on a similar method developed by Sassetti et al. (TraSH) to identify conditionally essential genes in mycobacteria (42) . The major difference in the two methods lies in the amplification of the transposon-flanking sequences for hybridization to microarrays. Our method uses semirandom PCR directly on genomic DNA from pools of clones, while the other method uses transcription of size-selected restriction-digested genomic DNA to which a T7 promoter has been ligated.
We tested the fidelity of our method in pilot experiments containing clones with previously sequenced insertion boundaries and by retrieving clones with predicted insertions from several pools of random clones. Our pilot experiment with a very small pool of nine clones gave a very high sensitivity (100%) with relatively high specificity (98%). This level of sensitivity was not matched in the overall screen, where only 89% of the expected insertions were mapped. This may result from regions of the genome with a dearth of binding sites for the two anchors used in our amplification strategy. While the sensitivity could be improved, possibly with the use of additional nonspecific primers, for this analysis we simply analyzed additional pools of mutants. Our experiments mapping predicted transposon clone insertion sites revealed that we consistently identified the correct locus. This empirically verified the utility of this method and suggested that the specificity of the overall screen was not very different from that of the pilot pool.
Using our mapping method, we were able to localize the site of transposon insertions for 5,363 random clones, over three genome equivalents. We found insertions distributed throughout the chromosome consistent with the lack of sequence specificity documented for the TnsABC A255V enzyme. Still, we did detect a small number of genes that appear to have a high frequency of insertions. Further detailed analysis of the transposon junction of these insertions will be required to determine if these represent hot spots for transposition or an artifact of our detection method. We observed little bias against small genes or indication of polar effects. The lack of polar effects was confirmed globally by failing to find an increased frequency in genes with zero transposon insertions of the first gene of predicted operons. Furthermore, two of the confirmed essential genes lay downstream of nonessential genes in which we detected transposon insertions.
We found an almost fourfold higher frequency of genes with no detectable insertions than we would have expected by chance. We hypothesized that the major reason we failed to detect insertions in a given gene is that it encodes a protein required for viability, i.e., an essential gene. This same logic has been employed to query a number of bacterial genomes for essential and nonessential genes, using a variety of approaches to map the site of transposon insertion. These include direct sequencing of the transposon junction for Mycoplasma genitalium (26) and Salmonella enterica serovar Typhimurium (31), genomic footprinting of H. influenzae (1) and E. coli (20) , and microarray hybridization in Mycobacterium tuberculosis (43) . These studies have estimated the number of essential genes to range from 265 to 620, representing 16 to 51% of the predicted open reading frames. In addition to transposon mutagenesis analysis, the essential gene set has been approached by other methods, including bioinformatic predictions based on pathway analysis (35) , antisense RNA for Staphylococcus aureus (19, 29) , and targeted gene deletion for Saccharomyces cerevisiae, B. subtilis, and E. coli (21, 32, 51) . While targeted gene deletion is the most rigorous test, complete genome analysis by this method requires considerable resources and has been achieved to completion only for the model eukaryote S. cerevisiae (21) and for a subset of the B. subtilis genome (32). The only organism for which both transposon mapping and target gene disruption data have been compiled for a large fraction of genes is E. coli. In this case, 27% of genes gave conflicting results for essentiality by the two methods (20) . One reason for this discrepancy is that transposon-based methods involve growing a pool of mutants in competition with each other. Thus, mutations that confer a growth disadvantage as well as those that are absolutely essential will both be underrepresented. Regardless, transposon mapping methods clearly identify the majority of truly essential genes as well as identify genes that confer some growth disadvantage.
When we attempted to compare data for the genes that we predicted to be essential to similar data from other microbes, the analysis was complicated by different nomenclature used for the same genes in different organisms. Of the 187 named genes in our list, 102 are essential in E. coli, H. influenzae, or M. tuberculosis. Of these, only 20 genes are essential in all four organisms, while 46 genes are essential in three species and 36 genes are essential in two species. It seems noteworthy that pairwise comparison of the H. pylori essential gene set with other microorganisms shows the most overlap with the grampositive M. tuberculosis (66 genes). Perhaps this is not surprising, considering that H. pylori resides in the ␦/ε branch of the proteobacteria while E. coli and H. influenzae reside in the ␥ branch and are thought to be the more divergent from the gram-positive bacteria, which include mycobacteria (23) .
Of the genes we tested directly, HP0190 encodes a conserved hypothetical protein with putative phospholipase D activity. While this activity has been measured in a variety of bacteria (13) , mutants of these genes in Pseudomonas aeruginosa (50) and Yersinia pestis (24) are required for full virulence in some hosts but not for survival in vitro. Thus, we were quite surprised to find it essential for H. pylori growth in rich media. HP1019 encodes a putative serine protease of the HtrA subfamily. These highly conserved enzymes, found in both prokaryotes and eukaryotes, have chaperone activity in addition to protease activity, and some homologues have lost protease activity and retain only chaperone properties. E. coli contains three homologues, none of which are required for viability, though degP is required for growth at high temperature. The single H. pylori homologue, HP1019, contains the protease catalytic triad and is most similar to degP. In H. pylori this gene appears to be essential. In H. influenzae there are two family members; the one with highest similarity to HP1019 is not essential as measured by genomic footprinting, while the second member could not be assessed by this method (1) . In contrast, M. tuberculosis contains three family members, but the one most similar to HP1019 was also found to be essential by mapping of transposon mutants (43) . Whether the protease or chaperone activity or both are essential in H. pylori remains an open question. HP1019 may be essential in H. pylori due to lack of redundancy in the genome or may suggest that, even under optimal growth temperature, it requires HP1019 function for the assembly of some essential factor which, in other organisms, is only needed at higher temperatures. HP1505 encodes a riboflavin biosynthesis protein that we had not expected to be essential for growth in rich media but, consistent with other attempts to disrupt this pathway in H. pylori (17) , no mutants could be recovered unless a second copy of the gene was present. Finally, we investigated an S-adenosyl-methyltransferase encoded by HP0707 that is essential in both M. tuberculosis and E. coli (10, 20, 43) but not in B. subtilis (16) , and it is predicted to be nonessential in H. influenzae based on genetic footprinting (1) . We could directly show this gene is not essential in H. pylori in spite of detecting no transposon insertions in this gene. These results show that outside of perhaps a few highly conserved processes, such as protein synthesis, the essential gene set varies from organism to organism, even for nutrient-replete growth in vitro. Thus, bioinformatics approaches must be coupled with experimental methods such as transposon mutagenesis to identify those truly essential genes in the most rigorous manner.
We verified both the essentiality and nonessentiality of several genes. These analyses revealed that only a minority of genes that we predicted to be essential do not prove to be essential when tested by an independent measure. When picking genes to test, we chose genes where we had no information based on homology or for which the gene was not essential in at least some organisms where homologues had been studied and, thus, biased our sample towards those most likely to be false positives. Still, two out of four genes were found to be essential, indicating that the list of genes with zero transposon hits is very highly enriched for truly essential genes. Conversely, in a minority of cases we predict the presence of insertions in essential genes, because the actual transposon insertion lies in an adjacent gene. Thus, while the genes with zero hits include a certain number of false positives, they underestimate the essential gene set in H. pylori.
Our data represent the first comprehensive analysis of the full set of essential genes in H. pylori and provide a number of potential targets for new antimicrobial design. In addition, the methods for saturation mutagenesis of the chromosome and for monitoring the behavior of pools of transposon mutants opens the door for genetic analysis of virulence-associated phenotypes in this important human pathogen. Indeed, the general method can be productively employed for the detection of essential genes in any selective environment, including that of infected animals.
